S-041101 



ENHANCED LIGHT ABSORPTION OF SOLAR CELLS 
AND PHOTODETECTORS BY DIFFRACTION 



Inventor: Saleem H. Zaidi 

9813 Fostoria Road, NE 
Albuquerque, NM 87107 



CITIZEN OF THE UNITED STATES 



EXPRESS MAIL CERTIFICATE: EE795354606US 



S-041101 

1 

RELATED CASES 

The present patent application claims the benefit of Provisional Patent 
Application Serial No. 60/195,836 filed on April 11, 2000 for "Method Using 
Diffraction For Increasing Light Absorption By Silicon". 
5 STATEMENT REGARDING FEDERAL RIGHTS 

This invention was made in part with government support under Contract No. 
BE 8229 awarded by the U. S. Department of Energy to Sandia National 
Laboratory. The government has certain rights in the invention. 

FIELD OF THE INVENTION 

10 The present invention relates generally to solar cells and photodetectors 

and, more particularly, to selective enhancement of absorption in either a 
narrowband or wideband spectral range of interest by efficient optical coupling of 
incident light into obliquely propagating orders inside the material of construction of 
the solar cell or photodetector. 

15 BACKGROUND OF THE INVENTION 

Solar cells and photodetectors have not benefited from recent advances in 
diffractive optics. Random, wet-chemical texturing techniques to form pyramids in 
the (100) Silicon (Si) crystal orientation have been extensively applied for both 
reducing reflection and enhancing absorption by increased oblique coupling into the 

20 solar cells (See, e.g., P. Campbell and M. A. Green, Appl. Phys. Lett. 62, 243 
(1987)). Applicability of these texturing processes to thin-films (< 20 jam), and low- 
cost, multi-crystalline (mc) Si are limited due to their large dimensions and 
preferential (100) crystal etching mechanisms. In recent years, random reactive ion 
etching (RIE) techniques have been developed for both thin films and mc-Si (See, 

25 e.g., Y. Inomata, K. Fukui, K. Shirasawa, 9 th Internat. PVSEC, 109 (1996), D. S. 
Ruby, Saleem H. Zaidi and M. Naraynan, in 28 th IEEE PVSC Conference held in 
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Alaska in October, 2000). Both of these techniques, when combined with suitable 
anti-reflection films, not only reduce absolute hemispherical reflection to - 5 %, but 
also enhance near-IR (850-1200 nm) absorption by increased oblique coupling into 
the surface. By contrast with random wet or dry etching techniques, periodic 
5 structures offer highly controllable mechanisms for Si reflection and absorption 
response over a wide spectral range. T. K. Gaylord, W. E. Baird, and M. G. 
Moharam in Appl. Opt. 25, 4562 (1986) have described rigorous models for 
rectangular-profiled grating structures exhibiting zero reflection for a suitable choice 
of grating parameters. D. H. Raguin and G. M. Morris in Appl. Opt. 32, 1154 (1993) 

10 have determined broadband anti-reflection properties of 1D triangular and 2D 
pyramidal surfaces. Ping Shen, A. N. Bloch, and R. S. Stepleman in Appl. Phys. 
Lett. 43, 579 (1983) have reported wavelength-selective absorption enhancement 
of thin-film (~ 2 jam) amorphous Si solar cells by grating coupling into waveguide 
modes. In "Submicrometer Gratings For Solar Energy Applications" by Claus Heine 

15 and Rudolf H. Morf, Appl. Opt. 34, 2476 (1995) enhanced near-IR absorption in ~ 
20-^im thick Si films by diffractive coupling has been demonstrated. Broadband and 
narrowband spectral reflection response of subwavelength Si grating structures has 
been reported by Saleem H. Zaidi, An-Shyang Chu, and S. R. J. Brueck in J. Appl. 
Phys. 80, 6997 (1996). Enhanced near-IR response of subwavelength grating solar 

20 cells has recently been demonstrated by Saleem H. Zaidi, J. M. Gee, and D. S. 
Ruby in 28 th IEEE PVSC Conference held in Alaska in October, 2000. 

Gaylord et al., supra, describes the anti-reflection properties of 1D 
rectangular grating structures; however, the need to create absorption close to the 
solar cell junction, particularly in the near-IR spectral range is not discussed. 

25 Heine and Morf, supra, presents a diffractive approach aimed at improving solar cell 
response at X ~ 1.0 |nm. In a thin-film solar cell, near-IR absorption is weak due to 
the indirect bandgap of Si. By fabricating a grating structure at the back surface of 
the cell, enhanced absorption can be achieved by efficient coupling of the incident 
beam into two diffraction orders for a symmetric profile, or a single diffraction order 



S-041101 




3 

for a blazed profile. Heine and Morf teaches away from the use of a front surface 
grating because of surface passivation issues. That is, Heine and Morf teaches 
that light-trapping that does not increase the surface area at which increased 
recombination losses would outweigh the benefits of increased light absorption is 
5 accomplished by effective separation of the electronic device structure in which 
electron-hole pairs are generated and collected from the optical structures used for 
enhancing the absorbed light within the electronically active region in the Si. By 
proper design of grating parameters, Heine and Morf teaches the choice of 
direction of propagation of diffraction orders such that at angles larger than the 

10 critical angle, these are trapped due to total internal reflection. 

In "High Efficiency Solar Cells Enhanced With Diffraction Grating" by Sin-ichi 
Mizuno et al., Technical Digest of the International PVSEC-11, Sapporo, Hokkaido, 
Japan, 341 (1999), diffraction gratings are secured onto the front and back surfaces 
of thin film, single crystal silicon using an adhesive material having a refractive 

15 index of 2, such that the average light path on the surface of thin film silicon was 
tripled when compared with silicon thin films having a mirror placed on the back 
surface thereof. 

Accordingly, it is an object of the present invention to improve light 
absorption in general, and IR absorption in particular of silicon solar cells and 
20 photodetectors by utilizing a front-surface grating structure to couple light into 
obliquely propagating diffraction orders inside silicon. 

Another object of the present invention is to improve light absorption of solar 
cells and photodetectors without affecting the surface passivation of such devices. 

Additional objects, advantages and novel features of the invention will be set 
25 forth, in part, in the description that follows, and, in part, will become apparent to 
those skilled in the art upon examination of the following or may be learned by 
practice of the invention. The objects and advantages of the invention may be 
realized and attained by means of the instrumentalities and combinations 
particularly pointed out in the appended claims. 
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SUMMARY OF THE INVENTION 
To achieve the foregoing and other objects of the present invention, 
and in accordance with its purposes, as embodied and broadly described herein, 
the method for increasing the absorption of light radiation in solar cells and 
5 photodetectors hereof includes forming a grating on the front surface of the solar 
cell or photodetector such that higher diffraction orders are generated within the 
solar cell and photodetector when light is incident thereon, whereby the majority of 
the light energy entering the solar cell or photodetector is distributed into higher 
diffraction orders and absorption thereof is increased due to an increase in optical 
10 path lengths. 

Benefits and advantages of the present method include improved 
performance of thin-film solar cells, space solar cells, and wavelength-selective 
photodetectors, where enhanced IR response is required as a result of either 
insufficient film thickness for light absorption or radiation-induced bulk damage 
15 leading to a material having a low lifetime. 

BRIEF DESCRIPTION OF THE DRAWINGS 
The accompanying drawings, which are incorporated in and form a part of 
the specification, illustrate the embodiments of the present invention and, together 
with the description, serve to explain the principles of the invention. In the 
20 drawings: 

FIGURE 1 illustrates oblique optical coupling into semiconductor using 
diffractive optics in accordance with the teachings of the present invention. 

FIGURE 2 is a schematic representation of a diffraction grating, solar cell 
structure in accordance with the teachings of the present invention. 
25 FIGURE 3 shows scanning electron microscope (SEM) scans of 0.67-jwm (a) 

and 0.42-|im (b) period, one-dimensional, triangular profile gratings etched in 
silicon. 

FIGURE 4 shows SEM scans of 0.5-jam (a) and 0.3-|im (b) period, one- 
dimensional, rectangular profile gratings etched in silicon. 
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FIGURE 5 shows SEM pictures of two-dimensional, 0.8-jnm period post (a) 
and hole (b) patterns etched in silicon. 

FIGURE 6 shows hemispherical reflectance measurements of one- 
dimensional triangular profile gratings shown in Fig. 3. 
5 FIGURE 7 shows hemispherical reflectance measurements of one- 

dimensional rectangular profile gratings shown in Fig. 4. 

FIGURE 8 shows hemispherical reflectance measurements of two- 
dimensional post and hole pattern gratings shown in Fig. 5. 

FIGURE 9 shows polarization-dependent, hemispherical reflectance 
10 measurements of one-dimensional rectangular profile grating shown in Fig. 4 (a). 

FIGURE 10 shows internal quantum efficiency (IQE) measurements from 
one-dimensional grating solar cell, also plotted for comparison is planar surface 
response. 

FIGURE 11 shows IQE measurements from one-dimensional, rectangular 
15 profile grating solar cell, also plotted for comparison is planar surface response. 

FIGURE 12 shows IQE measurements from one-dimensional, triangular 
profile grating solar cell, also plotted for comparison is planar surface response. 

FIGURE 13 shows SEM pictures of reactive ion etched (RIE), rectangular 
profile, one-dimensional Si grating (a), and its selective KOH etching to form an 
20 undercut profile (b). 

FIGURE 14 shows normal incidence, normalized, polarization-dependent 
measurements from one-dimensional gratings shown in Fig. 13. 

FIGURE 15 shows SEM picture of a random silicon surface formed by 
maskless reactive ion etching. 
25 FIGURE 16 shows IQE measurements from random RIE surface solar cell, 

also plotted for comparison is planar surface response. 

FIGURE 17 shows IQE measurements from random RIE surface solar cell 
with ion-implanted surface junction, also plotted for comparison is planar surface 
response. 
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FIGURE 18 shows IQE measurements from the same one-dimensional 
grating solar cells before and after application of anti-reflection films. 

FIGURE 19 shows the variation of propagation angles of the transmitted 
diffraction orders inside silicon, at a fixed period, as a function of wavelength. 
5 FIGURE 20 shows the calculated, polarization-dependent, diffraction 

efficiencies for 0.65-|im period one-dimensional gratings for rectangular (a) and 
triangular (b) profiles. 

FIGURE 21 shows the calculated, polarization-dependent, diffraction 
efficiencies for 0.65-]um period one-dimensional blazed grating. 

10 DETAILED DESCRIPTION 

Briefly, the present invention includes a method for enhancing light 
absorption in selective spectral ranges by efficient optical coupling of light into 
obliquely propagating diffraction orders inside a silicon (Si) substrate. Figure 1 
hereof illustrates a grating etched on the front surface of a substrate which is 

15 characterized by its period d, linewidth I, and depth h. The light is normally incident 
and the period is chosen such that no diffraction orders in air are present. Due to 
symmetric profile, equal energy is coupled into the two ±1 -diffraction orders and the 
two ±2-diffraction orders; the fraction of energy coupled into the first and second 
orders is a complex function of grating parameters. For improved solar cells, 

20 particularly in the space environment, it is desirable that the maximum energy be 
coupled into those orders propagating nearly parallel to the surface of light 
incidence; in the present situation, the maximum energy into the two ±2-diffraction 
orders, and the least energy into the normally propagating zero-order. Additionally, 
the ±1 -diffraction and ±2-diffraction orders are seen to form angles and 0 2 

25 respectively, with respect to the surface normal, and that the optical path lengths for 
these orders are increased by 1/cos0 1 and 1/cos0 2 with respect to the zero-order 
transmitted beam. Thus, for angles, 0, between 30° and 85°, this represents 
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increase in optical path length relative to the zero-order of between approximately 
1.15 and 11.5, respectively. 

Reference will now be made in detail to the present preferred embodiments 
of the invention examples of which are illustrated in the accompanying drawings. 
5 1 . FABRICATION OF SUBWAVELENGTH PERIODIC STRUCTURES IN SILICON: 
Subwavelength periodic grating structures can be most conveniently 
fabricated using laser interference techniques (See, e.g., A. Malag, Opt. Commun. 
32, 54 (1980), and Saleem H. Zaidi and S. R. J. Brueck, Appl. Opt. 27 (1988) 
describe typical fabrication techniques for these types of one- and two-dimensional 

10 structures. Interference between two coherent laser beams produces a simple 
periodic pattern at d=AY2sin0, where X is the exposure wavelength, and 20 is the 
angle between the two intersecting laser beams. For A=0.355 jam, 6= 60 °, periods 
as low as ~ 0.2-jim can easily be fabricated. Typically, grating structures are first 
formed in photoresist followed by pattern transfer to Si using an appropriate 

15 combination of wet and dry etching techniques. Silicon reactive ion etching (RIE) 
techniques have been very well characterized (See e.g., P. M. Kopalidis and J. 
Jorne J. Electrochem. Soc, Vol. 139 (1992) which describes Si etching in SF 6 /0 2 
plasma chemistries). Wet-chemical etching of Si is also well understood (See e.g., 
K. E. Bean, IEEE Trans. Elect. Dev., ED-25, 1185 (1978)). Grating solar cells, or 

20 photodetectors can be made by adding a laser interference lithography step to the 
typical device fabrication sequence (See e.g., A. H. Fahrenbruch and R. H. Bube in 
Fundamentals of Solar Cells, Academic Press (1983)). Figure 2 is a schematic 
representation of a typical top- and bottom-contact grating solar cell. Front (10) and 
back (50) surface contacts are formed using appropriate metal stacks taught in 

25 Fundamentals of Solar Cells, supra. The appropriate one-dimensional (1D) or two- 
dimensional (2D) grating (30) is etched on the front Si surface. Junction (20) is 
formed on the front surface following grating fabrication, the doping type being 
opposite to the wafer doping (40). For example, if the wafer is p-type, the junction 
will be n-type, and vice versa. 
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Figure 3 shows scanning electron microscope (SEM) scans of one- 
dimensional, triangular profile gratings etched in Si using an SF 6 /0 2 plasma. For 
the preparation of these gratings, the room temperature reactive ion etching 
parameters were as follows: SF 6 = 14 seem, 0 2 = 12 seem, pressure = 50 mTorr, 
5 and RF Power = 50 Watt. The etch mask used was Cr (~ 30 nm thick). Figure 3(a) 
shows the grating with period of 0.67 |wm, full-width-at-half-maximum depths 
(FWHM) of ~ 0.3 jam, and depth of ~ 0.8 jim. Figure 3(b) shows a grating with a 
period of 0.42 (am, FWHM of ~ 0.1 ^m, and depth of ~ 0.5 urn. 

Figure 4(a) shows a 0.5-jim period structure characterized by a linewidth of ~ 
10 0.13 jam, and depth of - 1.0 |^m. Figure 4(b) shows a 0.3-jam period structure 
characterized by a linewidth of ~ 0.05 jum, and depth of - 1.0 jam. The 1D, 
rectangular profile gratings shown in Fig. 4 were wet-chemically etched at room 
temperature in (110) Si using a 40 % KOH solution with an oxide mask of - 100 nm 
thickness. 

15 Figure 5 shows SEM profiles for two types of 0.8 jam period, 2D RIE-etched 

gratings. Figure 5(a) shows a post pattern characterized by FWHM linewidths of ~ 
0.4 |am, and an etch depth of ~ 1.0 |nm. Figure 5(b) shows a hole pattern 
characterized by FWHM linewidths of - 0.27 jam, and an etch depth of - 0.8 (im. 
2. CHARACTERIZATION OF SUBWAVELENGTH PERIODIC STRUCTURES IN 

20 SILICON: 

Figure 6 shows the absolute hemispherical spectral reflectance 
measurements from the triangular gratings shown in Fig. 3; for comparison, 
reflectance from polished Si is depicted by curve 60 measured under identical 
conditions. It is seen that the 0.67-|im period grating exhibits a broadband reduced 
25 reflection (70). Similar reflectance (80) behavior is observed by the 0.42-jam period 
grating structure. A comparison of the reflectance response of the two grating 
periods shows that significant overall lower reflection reduction is achieved as 
period is reduced. 
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Comparison of FWHM linewidths in Figs. 3(a) and 3(b) suggests that 
reflection is a strong function of linewidth and its slope, with lower reflection 
resulting from smaller linewidths. 

Hemispherical absolute reflectance measurements from rectangular-profiled 
5 gratings shown in Fig. 4 are plotted in Fig. 7; for comparison, reflectance from 
polished Si is depicted by curve 60 measured under identical conditions. For 
rectangular profiles, a number of narrow, low reflectance spectral bands are 
observed. For the 0.5-jLim period structure, lowest reflection (90) is observed at X « 
0.5 (im, while the remainder of the spectral bands are not as pronounced. For the 

10 0.3-jam period grating, lowest reflection (100) is seen at X « 0.32 jam. For the 0.3- 
p,m period grating, the hemispherical reflectance increases as a function of 
wavelength. It may be observed that in the short wavelength regime (X < 0.4 jim), 
reflection reduction appears to be a function of linewidth, with the smallest 
linewidths exhibiting the lowest reflection, which is consistent with triangular 

15 profiles. 

For the 2D grating structures shown in Fig. 5, absolute reflectance 
measurements are plotted in Fig. 8; for comparison, reflectance from polished Si is 
depicted by curve 60 measured under identical conditions. Figure 8 shows the 
hemispherical reflectance from the post pattern (110) is significantly higher than the 

20 hole pattern (120). Both of these structures exhibit broadband reduced reflection 
similar to that observed for triangular profiles in Fig. 6. 
3. POLARIZATION-DEPENDENT REFLECTION RESPONSE: 

The hemispherical reflectance measurements described in Figs. 6-8 were 
conducted using randomly polarized incident light. In general, the rectangular 

25 profiles show strong polarization-dependent reflectance effects. This can be 
observed by the polarization-dependent hemispherical reflectance measurements 
for the 0.5-jam period grating shown in Fig. 4(a) as plotted in Fig. 9. Curve 130 
describes the planar Si reflectance with polarized light, curve 140 plots reflectance 
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with the electric field parallel (TE) to the grating grooves, and curve 150 plots the 
reflection response for electric field perpendicular (TM) to the grating lines. 
Therefore, in general, rectangular profiles can be designed for polarization- 
selective, tunable spectral reflectance response. 
5 4. INTERNAL QUANTUM EFFICIENCY RESPONSE OF GRATING SOLAR 
CELLS: 

Internal quantum efficiency (IQE) measurements provide detailed information 
about cell performance and give an accurate picture of the influence of grating 
structures on the performance of the solar cell. This has been well established in 

10 literature, and is also taught in the Fundamentals of Solar Cells, supra. Figure 10 
shows IQE measurements from the side-by-side planar and 1D grating regions of 
the same solar cell. This comparison assists in isolating variations in surface and 
bulk material properties of separate wafers. Figure 10 plots the IQE response of 
grating (180) and planar (170) regions. Curve 160 is the IQE ratio of grating to the 

15 planar regions. It may be observed that in this case, the grating IQE response has 
been significantly reduced over the entire spectral region. This has been attributed 
in part to surface contamination and subsurface RIE-induced plasma damage. The 
process of grating fabrication introduces several contaminants including 
photoresist, metal, and dielectric particles. H. Mishima, T. Yasui, T. Mizuniwa, M. 

20 Abe, and T. Ohmi, IEEE Trans. Semiconductor manufacturing, 69 (1980) teach that 
a complete RCA clean process leads to a highly clean Si surface. Figure 11 shows 
IQE response of rectangular profile 1D, 0.5-fa,m period grating solar cells formed by 
incorporation of a complete RCA clean following etching of grating structures. In 
Fig. 11, the line 190 plots the ratio of grating IQE (200) and planar IQE (210). It is 

25 seen that except for wavelengths < 0.54 jam, grating IQE is superior to the planar 
region with a maximum enhancement of ~ 2.7 at X ~~ 1.05 jam. The IQE response of 
1D, 0.5-jam period triangular profile grating solar cells is shown in Fig. 12. In Fig. 
12, the line 220 plots the ratio of grating IQE (230) and planar IQE (240). It is seen 
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that except for wavelengths < 0.52 lum, grating IQE is again superior to the planar 
region with a maximum enhancement of ~ 1 .6 at A, ~ 1 .05 jim. 
5. REMOVAL OF RIE SURFACE DAMAGE: 

The IQE data presented in Figs. 11 and 12 shows that some of the photo- 
5 generated carriers are being lost to RIE-induced surface damage. RIE induced 
surface damage has been extensively investigated. For example, S. W. Pang, D. 
D. Rathman, D. J. Silversmith, R. W. Mountain, and P. D. DeGraff. J. Appl. Phys. 
54, 3272 (1983), have identified several techniques for removing surface damage. 
More recently, D. S. Ruby, Saleem H. Zaidi and M. Naraynan, in 28 th IEEE PVSC 

10 Conference held in Alaska in October, 2000, describe the removal of RIE damage 
on randomly textured Si surfaces using a 40 % KOH and nitric acid:hydrofluoric 
acid:water in 10:1:8 volume ratio for room temperature etch times of - 60-300 and 
10-20 s, respectively. By incorporation of these damage removal etch (DRE) 
treatments, textured region IQEs identical to planar surfaces can be recovered. 

15 Several advantages of the KOH damage removal treatment is discussed. Figure 
13 shows SEM scans of as-RIE etched rectangular profile (a), and the profile 
following selective sidewall KOH etching (b). This procedure therefore leads to (a) 
removal of sidewall surface damage and (b) controllability over light interaction due 
to inverted pyramid structure. This sensitivity of the reflection response to the 

20 profile is shown in Fig. 14. Figure 14(a) plots the normalized TE-reflection 
response of 1D rectangular profile grating shown in Fig. 13(a). Figure 14 (b) plots 
the normalized TE-reflection response of 1D inverted pyramid profile grating shown 
in Fig. 13(b). Comparison of reflectance responses in shown Figs. 14(a) and 14(b) 
shows that narrowband reflectance behavior of rectangular profile is replaced by 

25 wideband resonances for the inverted pyramids. By modeling these responses, 
symmetric 1D and 2D structures for wavelength-selective, polarization-dependent 
and polarization-independent reflectance responses, respectively, can be designed. 
5. OPTIMUM JUNCTION FORMATION ON RIE SURFACES: 
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The RIE surface damage can be removed by wet-chemical DRE treatments 
discussed above. However, due to advantages in semiconductor processing, it is 
preferable to remove surface damage without resorting to wet-chemical etching 
chemistries. Ion implantation techniques for junction formation have been 
5 investigated. Ion implantation processes for junction formation have been used for 
solar cells (See e.g., E. C. Douglas and R. V. D'aillo, IEEE Trans. Elect. Dev. 27, 
792 (1980)). During the implantation process, the surface is partially amorphized 
as taught in Ion Implantation and Beam Processing , edited by J. S. Williams and J. 
M. Poate, Academic Press (1984). The degree of amorphization is shown to be a 

10 function of dose level and implant energy. In order to repair the damage, annealing 
at high temperatures re-crystallizes the ion-implanted amorphous layers. This re- 
crystallization process proceeds epitaxially on the underlying crystalline substrate; 
for Si this solid phase re-crystallization starts at a temperature of ~ 525° C. During 
the recrystallization process at constant temperature, the amorphous-crystalline 

15 interface moves in the direction of the surface as a function^ time until the entire 
amorphous layer is crystallized. The possibility that during^implant damage repair 
process, the RIE surface damage may also be repaired has been investigated by 
the present inventor. This experiment was done for RIE-textured, nanoscale 
surfaces shown in Fig. 15. It may be noticed that the random features on this 

20 surface provide significantly more open area for damage than for example a 
periodic surface. Figure 16 shows IQE measurements from solar cell fabricated on 
such a surface using conventional gas-source diffusion for junction formation. The 
ratio (250) of IQE measurements from RIE textured (270) and planar (260) regions 
shows that due to surface damage, the textured region IQE is suppressed over the 

25 entire spectral region. Figure 17 shows IQE measurements from solar cell 
fabricated on random RIE-textured surface using the ion implantation technique. 
The ratio (280) of IQE measurements from RIE textured (290) and planar (300) 
regions shows that due to amorphization repair process, both the implant and RIE 
damage have been removed resulting in the textured region IQE greater than the 
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planar region over most of the spectral region. Figure 17 also shows a maximum 
enhancement of ~ 5.4 at X ~ 1 .1 jam, which is greater by a factor of 2 relative to the 
rectangular grating case shown in Fig. 11. Therefore, using an implantation 
technique for junction formation, superior grating solar cells can be fabricated 
5 without any surface damage. Recent developments in plasma-assisted doping 
techniques show that implants typical of solar cells can be provided by minor 
modifications of plasma chambers typically used for reactive ion etching (See e.g., 
M. J. Goeckner, S. B. Felch, Z. Fang, D. Lenoble, J. Galmeir, A. Grouillet, G. C. F. 
Yeap, d. Bang, and M. R. Lim, Jour. Vac. Sci. Technol. B17, 2290 (1999)). 

10 6. ROLE OF ANTI-REFLECTION FILMS: 

In some situations, grating structures may not act to completely reduce 
surface reflection. In such a situation, an optimum anti-reflection (AR) film can be 
applied to the surface following grating fabrication. This can be beneficial as long 
as the act of applying AR film does not change grating coupling efficiency into 

15 transmitted diffraction orders inside Si. This has been investigated by the IQE 
measurements shown in Fig. 18. The IQE ratio (310) of a 1D, 0.3-jxm period 
grating solar cell stays approximately the same without (320) and with (330) an AR 
film. Applying AR film (350) significantly reduces the grating surface reflection 
(340). 

20 7. GRATING SOLAR CELLS FABRICATION USING GAS SOURCE DIFFUSION: 
It is shown that the process of grating formation using reactive ion etching 
techniques introduces contamination and subsurface plasma-induced damage that 
is not completely removed even by a complete RCA clean process. Therefore, 
fabrication of Si solar cells and other photosensitive devices has to be modified 

25 from the teachings in Fundamentals of Solar Cells, supra, A typical grating solar 
cell fabrication procedure includes the steps of: (a) Starting with p-type Si having - 
8-16 Q-cm resistivity and thickness - 50-300 ^im, grating structures are formed 
using RIE; (b) RCA cleaning is then used to remove surface contamination; (c) RIE- 
induced surface damage removal using wet-chemical etching techniques including 
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KOH and nitric acid solutions described in section 5 hereof; (d) formation of n-type 
(Phosphorous doping) junction using gas source doping as taught in Fundamentals 
of Solar Cells, and (e) formation of n and p contacts using metal stacks as taught in 
Fundamentals of Solar Cells. 
5 8. GRATING SOLAR CELLS FABRICATION USING ION IMPLANTATION: 

Ion implantation techniques for junction formation have been shown to be 
desirable in removing RIE-induced surface damage as described in section 5 
hereof. Therefore, grating solar cells and other photosensitive can be formed using 
the following sequence of steps: (a) Using p-type Si having - 8-16 Q-cm resistivity, 

10 and a thickness ~ 50-300 jam, grating structures are generated using RIE 
techniques; (b) RCA cleaning to remove surface contamination; (c) forming an n- 
type junction by ion implantation (typical parameters are: ion species 31 P\ energy ~ 
5 KeV, Dose - 2.5 x 10 15 cm 2 ); (d) furnace implant annealing and passivating of 
the oxide formed at - 1000 °C for 30 min. in an 0 2 atmosphere; and (e) forming n 

15 and p contacts using metal stacks as taught in Fundamentals of Solar Cells. It 
should be noted that the ion implantation can also be accomplished using plasma- 
assisted doping techniques described in section 5. 

9. DIFFRACTIVE COUPLING ANALYSIS OF GRATING SOLAR CELLS: 

In Fig. 1 hereof, the concept of diffraction gratings for oblique coupling of 

20 light into the semiconductor was discussed. For convenience, normal incidence 
was assumed. Similar analysis applies for non-normal incidence. In Fig. 19, the 
propagation angles are plotted with respect to surface normal as a function of 
wavelength for the ±1 and ±2-diffraction orders inside the Si assuming normal 
incidence for front surface Si gratings at periods of 0.5 jam and 0.3 jum. It is 

25 observed that at a fixed period, diffraction order angles increase as a function of 
wavelength until it approaches ~ 90°, beyond which it becomes evanescent. For 
the 0.5-inm period grating, the first diffraction order (390) is always propagating with 
a maximum angle of ~ 42 ° at A=1.2 jam, the second diffraction order (370) 
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becomes evanescent at X ~ 0.9 jam. For the 0.3-jwn period grating, the first 
diffraction order (380) becomes evanescent at X ~ 0.96 jum, while the second order 
(360) becomes evanescent at X ~ 0.6 |im. Therefore, enhanced absorption, 
particularly in the near IR region, and close to the surface can achieved by 
5 designing a grating structure which couples maximum energy into either first, or 
second diffraction orders propagating at large (> 60°) angles. Preliminary 
numerical modeling using the commercially available software GSOLVER™ has 
been performed (See e.g., www.gsolver.com). The model calculations for triangular 
and rectangular profiles indicate that for propagation angles greater than 70°, the 

10 coupling into diffraction orders is reduced sharply. Figure 20 shows two examples 
of such calculations for 1D, TM-polarized rectangular and triangular profile gratings. 
Figure 20(a) for 0.65-jam period rectangular profile with 75 % duty cycle shows that 
for a grating depth in ~ 0.2-0.4-|Lim range, both the ±1 -diffraction (410) and ±2- 
diffraction (420) orders carry almost 80 % of the incident energy. The energy is 

15 coupled out of the incident zero-order beam as depicted by a broad resonance in 
the reflection (400). Figure 20(b) for 0.65-|xm period triangular profile shows that for 
a grating depth of ~ 0.4-^m, both the ±1 -diffraction (440) and ±2-diffraction (450) 
orders carry almost 100 % of the incident energy. The energy is coupled out of the 
incident zero-order beam as depicted by a broad resonance in the reflection (430). 

20 For both of these cases, 1D structures were assumed. More complex calculations 
can be performed assuming 2D grating structures to determine optimum profiles for 
polarization-independent coupling into transmitted diffraction orders. 

With 1D blazed and more advanced blazed profiles as taught by S. Astilean, 
P. Lalanne, P. Chavel, E. Gambril, and H. Launois, Opt. Lett. 23, 552 (1998), it may 

25 be possible to couple maximum energy into diffraction orders propagating at angles 
in 70-90° range. We have investigated 1D blazed grating structures. Figure 21 
shows calculated, TM-polarized coupling efficiency of 0.65-|um period blazed 
grating a function of depth. It may be observed that at a depth of ~ 0.8 jam, all the 
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incident energy is coupled out of the incident zero order (460) and re-distributed 
into -1 -diffraction order (470), +1 -diffraction order (480), -2-diffraction order (490), 
and +2-diffraction order (500). 

The model calculations for 1D and 2D structures can be used to design Si 
5 grating parameters for maximum diffractive coupling into any desired transmitted 
orders. One can also design a grating filter etched in thin films deposited on top of 
planar, or etched Si surface. Under such conditions, the top grating structure is a 
passive part of the solar cell, or photodetector. The primary aim of such an 
approach would be to achieve wavelength-selective, polarization-independent 

10 reflectance response. In this respect, the relevant computational approach has 
been taught by P. Lalanne, S. Astilean, P. Chavel, E. Gambril, and H. Launois in 
Opt. Lett. 23, 1082 (1998). A photonic crystal approach can also be implemented 
for achieving wavelength-selective light response (See e.g., Photonic Crystals by J. 
D. Joannopoulos, R. D. Meade, and J. N. Winn, Princeton University Press (1995). 

15 1 0. DISCUSSION OF GRATING SOLAR CELL RESULTS: 

The fabrication, reflectance and IQE characterization of subwavelength Si 
surfaces integrated into conventional solar cell devices has been described. By 
combining wafer cleaning with wet-chemical damage removal etches, and ion 
implanted junctions, an undamaged Si surface is recovered. Due to the diffractive 

20 coupling, significant enhancement is observed in the near IR spectral region. From 
an evaluation of various periodic structures, three trends can be distinguished: (a) 
broadband, polarization-independent, low reflective behavior of 1D triangular 
profiles; (b) rectangular-profiled, 1D grating structures exhibit absorption in narrow 
spectral bands; and (c) grating structures can combine broadband anti-reflection 

25 behavior with significant IQE enhancement in the long wavelength region. The long 
wavelength IQE response for 2D grating structures is expected to be superior to 1D 
structures. 

The foregoing description of the invention has been presented for 
purposes of illustration and description and is not intended to be exhaustive or to 
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limit the invention to the precise form disclosed, and obviously many modifications 
and variations are possible in light of the above teaching. For example, grating- 
texturing techniques are expected to find applications in the thin-film solar cells, 
space solar cells, wavelength-selective photodetectors, and polarization-dependent 
5 photodetectors. Moreover, although the present method has been described using 
Si as an example, it would be apparent to a skilled artisan after reviewing the 
present disclosure that periodic texturing techniques can be used for other material 
systems. 

The embodiments were chosen and described in order to best explain the 
10 principles of the invention and its practical application to thereby enable others 
skilled in the art to best utilize the invention in various embodiments and with 
various modifications as are suited to the particular use contemplated. It is 
intended that the scope of the invention be defined by the claims appended hereto. 



